The wettability of silicon (Si) is one of the important parameters in the technology of surface functionalization of this material and fabrication of biosensing devices. We report on a protocol of using KrF and ArF lasers irradiating Si (001) samples immersed in a liquid environment with low number of pulses and operating at moderately low pulse fluences to induce Si wettability modification. Wafers immersed for up to 4 hr in a 0.01% H 2 O 2 /H 2 O solution did not show measurable change in their initial contact angle (CA) ~75°. However, the 500-pulse KrF and ArF lasers irradiation of such wafers in a microchamber filled with 0.01% H 2 O 2 /H 2 O solution at 250 and 65 mJ/cm 2 , respectively, has decreased the CA to near 15°, indicating the formation of a superhydrophilic surface. The formation of OH-terminated Si (001), with no measurable change of the wafer's surface morphology, has been confirmed by X-ray photoelectron spectroscopy and atomic force microscopy measurements. The selective area irradiated samples were then immersed in a biotin-conjugated fluorescein-stained nanospheres solution for 2 hr, resulting in a successful immobilization of the nanospheres in the non-irradiated area. This illustrates the potential of the method for selective area biofunctionalization and fabrication of advanced Si-based biosensing architectures. We also describe a similar protocol of irradiation of wafers immersed in methanol (CH 3 OH) using ArF laser operating at pulse fluence of 65 mJ/cm 2 and in situ formation of a strongly hydrophobic surface of Si (001) with the CA of 103°. The XPS results indicate ArF laser induced formation of Si-(OCH 3 ) x compounds responsible for the observed hydrophobicity. However, no such compounds were found by XPS on the Si surface irradiated by KrF laser in methanol, demonstrating the inability of the KrF laser to photodissociate methanol and create -OCH 3 radicals.
Introduction
The remarkable electronic and chemical properties as well as its high mechanical strength have made silicon (Si) an ideal choice for microelectronic devices and biomedical chips 1 . Selective area control of the Si surface has received significant attention for applications involving microfluidic and lab-on-chip devices 2, 3 .This is often obtained either by nano-scale modification of the surface roughness or by chemical treatment of the surface 4 . The surface roughening or patterning to produce disordered or ordered surface structures on the Si surface include photolithography 5 , ion beam lithography 6 and laser techniques 7 . Compared with these methods, laser surface texturing process is reported to be less complicated with the potential to produce microstructures with high spatial resolution 8 . However, as Si has an elevated texturing threshold, requiring irradiation with pulse fluence to induce surface texturing in excess of its ablation threshold (~500 mJ/cm 2 ) 9 , texturing of Si surface has frequently been assisted by employing reactive gas atmospheres, such as that of a high pressure SF 6 environment 4, 7, 8 . Consequently, to modify wettability of the Si surface, numerous works have focused on chemical treatment by depositing organic 10 and inorganic films 2 , or using plasma or electron beam surface treatment 11, 12 . It is recognized that hydrophilicity of Si originating from the existence of singular and associated OH groups on its surface could be achieved by boiling it in a H 2 O 2 solution at 100 °C for several minutes 13 . However, the hydrophobic Si surface states, most of which are due to the presence of Si-H or Si-O-CH 3 groups, could be achieved by wet chemical handling involving etching with HF acid solution or coating with photoresist [13] [14] [15] . To achieve selective area control of wettability of Si, complex patterning steps are usually required, including treatment in chemical solutions 16 . The high chemical reactivity of UV laser radiation has also been used to selective area process organic film coated solid substrates and modify their wettability 17 . However, a limited amount of data is available on laser-assisted modification of Si wettability by irradiation of samples immersed in different chemical solutions.
In our previous research, UV laser irradiation of III-V semiconductors in air [18] [19] [20] and NH 3 21 was successfully used to alter the surface chemical composition of GaAs, InGaAs and InP. We established that UV laser irradiation of III-V semiconductors in deionized (DI) water decreases surface oxides and carbides, while the water adsorbed on semiconductor surface increases 22 . A strongly hydrophobic Si surface (CA~103°) was obtained by ArF laser irradiation of Si samples in methanol in our recent work 23 .
Representative Results
These representative results have been presented in our previous published work 23, 24 . Figure 1 shows the CA vs. N (number of pulses) on sites irradiated by KrF laser at 250 mJ/cm 2 Figure 2a demonstrates that the CA decreases continuously with the pulse number up to 600 pulses of the KrF at 183 mJ/cm 2 . Similar results were found on samples irradiated by ArF laser at 44 mJ/cm 2 , as shown in Figure 2B . When the sites were irradiated by KrF laser with 300 pulses at 320 mJ/cm 2 and 500 pulses at 250 mJ/cm 2 , a minimum CA value of 15° was obtained. When the sites were irradiated by 500 ArF laser pulses at 65 mJ/cm 2 , the similar CA~15° was achieved. Figure 3A) , exposed to 0.01% H 2 O 2 /H 2 O solution for approximately 10 min without laser irradiation ((Figure3B), and exposed to 0.01% H 2 O 2 /H 2 O solution and 500-pulse KrF laser irradiation at 250 mJ/cm 2 ( Figure  3C) . The peaks at 531.8±0.1, 532.6±0.1 and 533.7±0.1 eV were assigned to SiO x , SiO 2 and SiOH, respectively 28, 29 . Figure 3B shows that the exposure to an HF solution has removed most of SiO 2 and SiO x from the surface. The quantities of SiO 2 and SiOH on the site irradiated by KrF laser are greater ( Figure 3C ) than those on the non-irradiated ( Figure 3B) . The Si surfaces coated with SiO 2 were always reported to have minimum CA values of 45°-55°, as referenced 11 , depending on the O/Si ratio. However, a superhydrophilic SiOH monolayer covered Si surface was reported with a minimum CA of 13°, as referenced 30 . Thus, the CA=14° obtained with 500 pulses is mainly due to increased surface concentration of SiOH. We also observed that the SiOH/SiO 2 ratio increased from 0.10 (100-pulse irradiation, data not shown) to 0.17 for the 500-pulse irradiated site. The dashed lines in the spectra represent the carbon (C) adsorbates on the surface. The quantities of these adsorbates are determined depending on fixed ratios of O/C of C-O, C=O and O-C=O bonds in the C 1s spectra 31 . We have found that there is more C on the non-irradiated surface exposed to the H 2 O 2 /H 2 O solution, than on the sample freshly etched by HF acid. Figure 3C shows that the quantities of C absorbates decreased with pulse number due to the excimer laser cleaning effect 9 . Since the C absorbates on the surface were reported to increase hydrophobicity of Si 15 , the laser induced removal of C adsorbates also improves the hydrophilic nature of the surface. High surface concentration of nanospheres is found on the non-irradiated portion of the sample. The result illustrates formation of a laser-induced zone of a strongly hydrophilic material that prevents binding of the nanospheres. The presence of some nanospheres observed in this zone could be related to the surface defect induced oxidation of Si and related reduction in its hydrophilicity. Figure 4B shows an AFM image of a fragment of the non-irradiated surface densely covered with immobilized nanospheres. Figure 5 shows the CA values measured for Si samples that were immersed in methanol and irradiated with ArF laser at 30, 65 and 80 mJ/ cm 2 . It can be seen that the CA of the sample irradiated with 800 pulses at 65 mJ/cm 2 increased from its initial value of 75° to 103°, and it is comparable to the CA for the 1,000-pulse irradiated sample. This suggests that the laser based chemical alteration of the Si surface saturates at these laser fluences. More intense dynamics of the CA increase has been observed for 80 mJ/cm 2 and low number of laser pulses (N < 200), as indicated by the full circle symbols. However, the formation of bubbles on samples irradiated with N>200 pulses, and a related uncontrolled modification of the sample surface morphology prevented us from collecting reliable data under such conditions. Using an approach described elsewhere 22, 32 , we estimated that an ArF laser irradiation at 65 mJ/cm 2 induces peak temperature on the surface of Si comparable to the methanol boiling point, i.e., 65 °C, as referenced 33 . Thus, irradiation with greater laser fluences is expected to induce the formation of bubbles. Consistent with this was our inability to fabricate Si samples of satisfactory characteristics with the laser fluence of 80 mJ/cm 2 and N > 200 pulses. In contrast, irradiation at 30 mJ/cm 2 showed only a weak increase of the CA to 78° for the 1,000-pulse irradiated samples. Figure 6 shows XPS spectra of Si 2p and O 1s for sites immersed in methanol that were non-irradiated (Figures 6A and 6B) , and irradiated with 500 pulses of the ArF laser at 65 mJ/cm 2 (Figure 6C and 6D) . A weak feature in the Si 2p spectrum of the non-irradiated site (Figure 6A) can be seen around BE=102.7 eV. This feature has been reported to originate from the Si-(OCH 3 ) x bond 34 . The atomic concentration of this compound has been estimated at 0.7%, which is slightly underestimated due to the relatively small (60°) take-off angle (TOF) applied while collecting XPS data. However, on the irradiated site (Figure 6C) , the atomic percentage of Si-(OCH 3 ) x bond increased by 5 times to 3.5% at TOF of 60°. In the O 1s spectra (Figures 6B and 6D) , it can be seen that the concentration of the Si-O-CH 3 peak (BE=532.6 eV) increased from 1 to 2.5 % for the non-irradiated and irradiated sites, respectively. As Si-(OCH 3 ) x has been reported to be responsible for the formation of a hydrophobic surface of Si, as referenced 15, 35, 36 
Discussion
We have proposed a protocol of UV laser irradiation of Si wafer in a microfluidic chamber filled with low concentration of H 2 O 2 solution to induce a superhydrophilic Si surface, which is mainly due to the generation of Si-OH. UV laser photolysis of H 2 O 2 was supposed to form negatively charged OH radicals. Also, UV laser photoelectric effect leads to the formation of a positively charged surface 37 . Therefore, the interaction of these negative OH radicals with a positively charged surface leads to the generation of Si-OH on the surface. So, we can increase hydrophilicity by increasing the laser pulse number and increase the concentration of OH reacting with Si 15 . However, the hydrophilicity ceased to increase or even decrease at larger pulse number during the process because H 2 O 2 is thermodynamically unstable, and its decomposition is described by 2H 2 O 2 →2H 2 O+O 2 38 , which results in excessively formed O 2 in the near surface region of Si. Although this process would potentially lead to the formation of SiO 2 to improve the surface hydrophilicity, the generation of O 2 molecules could also be the cause of bubbles formation near the irradiated surface. Significantly increased bubble formation by ArF laser at 65 mJ/ cm 2 and KrF laser at 320 mJ/cm 2 , is consistent with the increased possibility of thermally driven decomposition of H 2 O 2 . As the minimum CA for SiO 2 coated Si is known to be near 45°, the formation SiO 2 enriched Si could cause the increase of CA observed for the sites irradiated with a large pulse number.
The calculation of temperature induced by laser irradiation is also a critical aspect, as it is important to the oxidation of Si in the H 2 O 2 /H 2 O solution and the increased wettability. Using COMSOL calculations, the surface peak temperatures were estimated to be 88 and 95 °C when irradiated with KrF laser pulse of 250 and 320 mJ/cm 2 , respectively. In comparison, the surface peak temperature is estimated to be 40 °C, when it was irradiated by ArF laser pulse of 65 mJ/cm 2 . These peak temperatures dropped to the original temperature in 10 -5 s. There is no heat accumulation between two consecutive pulses when KrF and ArF lasers operate at a repetition rate of 2 Hz (a case investigated in this communication). Based on the temperature calculation results, the laser parameters can be optimized in future experiments.
We also proposed using ArF laser to induce hydrophobic Si surface by irradiating Si sample in methanol solution in a similar microchamber, which is due to laser induced formation of Si-O-CH 3 on the irradiated surface, as shown in Figures 5 and 6 . It has been reported that UV laser light (105-200 nm) induced dissociation of methanol vapor could be described by the reaction: CH 3 OH→CH 3 O+H 39 . The higher the temperature, the more CH 3 O adsorbs on the Si surface 40 . Thus, by irradiation at lower laser fluence (e.g., 30 mJ/cm 2 ), there is no methanol boiling and no obvious wettability change due to laser induced lower temperature. Also, the KrF laser irradiation of the sample in methanol solution produces no significant CA increment due to its longer wavelength and lower cross section absorption coefficient (<0.1x10 .The saturation of the CA around 103° is related to the CH 3 surface energy, which is dominant for the wettability 15 . The lower the surface energy, the higher the hydrophobicity. The lowest surface energy (CF 3 ) was reported to have the maximum CA of 120°, while for a CH x bond with higher surface energy, the CA of 110° 43 is always lower.
Therefore, compared with other well-known methods of laser induced modification of Si, such as laser induced surface morphology modification, the process and steps described in this report are simpler, they do not need a high cost and high power laser systems, but are effective in in situ control of Si surface wettability. This technique can be widely used to selective area induce modification of wettability for micro/nano Si based biosensor application in future. However, there are limitations of this technique, especially for UV laser induced hydrophobicity, such as the maximum hydrophobicity (CA) is restricted by the laser photon energy and CH x surface energy. The critical steps during this techniques mainly includes storing the sample in N 2 container to avoid oxidation before irradiation and controlling the bubbles generation on Si surface during laser irradiation, e.g., using microfluidic channel.
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